Evolutionary divergence among species of the yeast genus Saccharomyces was estimated from measurements of deoxyribonucleic acid (DNA) /DNA and ribosomal ribonucleic acid (RNA) /DNA homology. Much diversity was found in the DNA base sequences with several species showing little or no homology to the three reference species, S. cerevisiae, S. lactis, and S. fragilis. These three reference species also showed little or no homology to each other. On the other hand the diversity among ribosomal RNA base sequences was small since most species showed a high degree of homology to the reference species. The arrangement of species based on ribosomal RNA homologies agrees in most cases with current taxonomic groupings. A yeast hybrid (S. fragilis X S. lactis) was shown to contain two nonhomologous genomes. A minimum genome size of 9.2 X 109 daltons for S. cerevisiae was calculated from the rate of DNA renaturation.
collection of yeasts which have in common the fact that they are strongly fermentative and produce asci containing spherical, ovoid, or kidney-shaped ascospores (16) . Several of the species are undoubtedly closely related to the type species S. cerevisiae, for they are known to produce fertile hybrids with this organism (32, 33) . Other species, for example S. lactis, are not interfertile with S. cerevisiae, but are reported to form hybrids with S. fragilis (30) . The existence of these two interbreeding groups of organisms, which are sexually isolated from each other, indicates that there must be a considerable degree of evolutionary divergence between the species related to S. cerevisiae and those related to S. lactis. This has been recognized by taxonomists who have proposed alternative taxonomic schemes for the classification of these organisms (28).
The work reported here was an attempt to measure the phylogenetic relatedness among a group of Saccharomyces species by using information obtained by comparing their nucleic acids. Two criteria were used to assess relatedness: the homology that could be observed between entire genomes in deoxyribonucleic acid (DNA) / DNA hybridization experiments, and the homology that could be measured in a very limited portion of the genome, that which specifies the 255 ribosomal ribonucleic acid (rRNA) component. The 25S rRNA component was chosen for study because there is evidence from studies with other organisms that the genes controlling rRNA have evolved more slowly than the genome as a whole and therefore should be suitable for detecting distant phylogenetic relationships (6, 7, 10, 11, 14, 19, 21) .
MATERIALS AND METHODS
Cultures used. The names, identifying number and source of the species used are listed in Table 1 . We are grateful to L. J. Wickerham for supplying most of the cultures. As is pointed out below several of the species have been moved to other genera (23, 28, 29) , and some species names are now considered synonyms.
Growth and labeling of nucleic acids. Cells were grown in PYG (2% peptone, 1% yeast extract, and 2% glucose) at 30 C on a reciprocating shaker 9.5 ) and passed through a French pressure cell at 10,000 psi into a chilled mixture of 2 volumes of glycine buffer, 3 volumes of phenol, and 5.0 mg of bentonite per ml. This mixture was shaken over ice for 30 min, centrifuged, and the aqueous layer was again extracted for 5 min with phenol and bentonite.
The aqueous phase was precipitated with alcohol and dissolved in 0.1 X SSC three times. The extract was centrifuged at 25,000 X g for 30 min, dialyzed overnight against 2.0 X SSC, and adjusted to a concentration of 2 mg/ml [1 mg of RNA per ml equals 24 OD2W units (27) Ihermal stability of homologous and heterologous DNA duplexes. Stability of labeled duplexes was determined by washing the filters in 5 ml of 0.5 X SSC for 15 min for each increment in temperature of 5 C from 60 to 95 C. A 100-,ug amount of bovine serum albumin was added to each wash, which was then precipitated with 10% trichloroacetic acid. The precipitate was collected on filters, and the radioactivity was determined by using a scintillation counter.
RESULTS
Species relatedness as measured by DNA/DNA duplexing and competition. Figure 1 shows the results of some experiments in which various competitor DNA species were tested for their ability to reduce the binding of radioactive DNA with homologous filter-bound DNA. The difference between the homologous and heterologous competition curves is taken to indicate the fraction of the total DNA too dissimilar in base sequence to react (B. J. McCarthy, personal communication). The ability of heterologous DNA to block formation of homologous duplexes, measured as per cent depression of binding, compared to the homologous competitor at an input of 300 jig, is called homology. It should be pointed out that these estimates of sequence homology reflect the overall similarity in base sequence and are not necessarily an estimate of the proportion of identical genes.
The DNA homologies of the species tested to the DNA of the three reference species, S. cerevisiae, S. lactis, and S. fragilis, are summarized in columns 2, 3, and 4 of Table 2 . The %GC of the DNA species are listed in column 1. As can 507 be seen from the homology values, some of the species are quite closely related to one of the reference species, some are partially related, and others show no relatedness. For example, S. carisbergensis, S. chevalieri, S. italicus, S. oviformis, and bakers' yeast are apparently closely related to S. cerevisiae, but show no relatedness to S. fragilis or to S. lactis. S. uvarum and S. globosus show partial relatedness to S. cerevisiae, whereas the other species are only slightly related or unrelated to S. cerevisiae. The reference species S. lactis and S. fragilis are completely unrelated to-S. cerevisiae and show only a small amount of -relatedness to each other, whereas S. dobzhanskii and S. wickerhamii show some relatedness to both S. lactis and S. fragilis. Hybrid 100, which was prepared by crossing S. dobzhanskii with S. fragilis (31), shows a high degree of homology to S. fragilis and about the same degree of homology to S. lactis (33%) as that shown by S. dobzhanskii (32%).
The high degree of homology observed between hybrid 56 and S. fragilis and S. lactis deserves special comment, since the two parental DNA species showed little homology ( Table 2) . The dual nature of the hybrid genome is illustrated by the results of Fig. 2 . In this experiment the competitive ability of the hybrid DNA is compared to that of parental DNA species separately and in combination. The labeled DNA is a mixture of parental DNA species, and the filterbound DNA was from hybrid 56 . The results show that the Additional evidence for the lack of homology among S. cerevisiae, S. fragilis, and S. lactis is given in Fig. 3 . In this experiment ifiter-bound DNA of these organisms or DNA of Neurospora crassa was reacted with sheared, singlestranded tritiated S. cerevisiae DNA, and the thermal stabilities of the duplexes were determined. The Tm of the homologous duplexes (S. cerevisiae/S. cerevisiae) is close to that expected for native S. cerevisiae DNA in 0.5 X SSC, thus indicating faithful pairing of the duplexes (20) . No shoulder at lower temperatures was observed, suggesting that mitochondrial DNA did not play a large part in the binding. In contrast to the behavior of the homologous duplexes, very small amounts of the heterologous mixtures formed duplexes and the duplexes that were formed melted at much lower temperatures than homologous duplexes, indicating that considerable mismatching exists in these duplexes (20) .
Species relatedness as measured by ribOSOmal RNA/DNA hybrid formation and competition. In contrast to the frequent lack of DNA homology among many of the species, the 25S ribosomal RNA of all but two of the species tested showed 95% or greater homology at 60 C to both S. cerevisiae and S. lactis. To improve resolution, the competition experiments were repeated at the much more stringent temperature of 75 C (Table 3) . In this table, the species are arranged in order of the relatedness of their 25S rRNA to that ofS. cerevisiae. Species which were compared to the reference species both by RNA and DNA homologies are listed in Table 4 . In general, the order of relatedness is the same whether based on DNA or RNA homologies. Based on this limited sampling we would predict that species showing less than 95% rRNA homology would show very little DNA homology. Estimation of the size and complexity of the S. cerevisiae genome. Figure 4 shows the renaturation curves of DNA from S. cerevisiae and Escherichia coli plotted in the manner of Britten and Kohne (2) . By comparing the slopes and the shapes of the renaturation curves, it can be concluded that the yeast DNA is similar to procaryotic DNA in that it does not contain many repeated sequences as found in higher eucaryotes (2). The Cot value (2) 
DISCUSSION
We have measured the relative degree of evolutionary divergence among the species in Saccharomyces by comparing their nucleic acids. The 6% spread in DNA base composition indicated that heterogeneity existed in the genus and can be compared to the 16% spread found in all the ascomycetes measured (25) , to the 17% spread seen in Bacillus (6) or the 4% spread in Drosophila (14) . Similar base compositions can predict phylogenetic relatedness, but the prediction may be false. For example, compare S. pastori and S. lactis, which have similar GC contents but are not homologous. Also, although DNA base composition is useful as a first approximation of relatedness, it cannot be used as a quantitative measure of divergence. However, nucleic acid homology measurements, since they reflect the number of nucleotide changes that have occurred since the species diverged, do provide a quantitative measure of evolutionary divergence (15) . DNA homologies revealed a broad spectrum of relatedness; some species were closely related, some were slightly related, and some unrelated to the three reference species. As expected, the closely related group included species shown to be interfertile with S. cerevisiae: S. italicus, S.
chevalieri, and S. carlsbergensis (32, 33). The unexpected result was that the evolutionary divergence was so great among many of the other species. For three species (S. rouxii, S. pastori, and S. dairensis) little or no homology could be detected to any of the three reference species, and the reference species themselves were quite distinct from one another, with only S. lactis and S. fragilis showing a small amount of homology.
Before the DNA-DNA homology results could be evaluated, we needed to know whether yeast genomes are simple with mostly unique genes, like bacteria, or complex with families of related genes like those found in the higher eucaryotes (2). The reannealing curves of yeast DNA in Fig.  4 are those expected for a simple genome and predict that the renaturation observed is due to faithful pairing of unique genes rather than to random pairing among a family of related genes. This prediction of the specific nature of reannealing was supported by the stability of the homologous duplex shown in the thermal stability curve (Fig. 3) . Thus, the reactions appear to be specific, and the DNA competition results represent a measure of the divergence of the total genome.
Even though the DNA species were highly divergent, it was possible to relate the divergent species to the type species by comparing their 509 VOL. (6, 7, 21) in plants (19) , Drosophila (14) , and in Protozoa (10, 11) are more conserved than the base sequences of the rest of the genome. We find that species of Saccharomyces have conserved the 25S rRNA sequences as shown in Table 3 . This conservation allowed us to measure relatedness between species whose total DNA is too divergent to be in a workable range of comparison. Notice Table  3 are a quantitative estimate of evolutionary divergence. The similarity in the order of relatedness, whether by RNA or DNA homologies, indicates that the ratio of the rate of evolution of one to another seems to be the same.
The evolutionary relationships observed are best discussed in terms of taxonomy. For example, van der Walt (28) has suggested that many of the species in Saccharomyces be placed in the genus Kluyveromyces on the basis of spore shape and ascus fragility. Table 5 lists the rRNA relationships to S. cerevisiae and S. lactis of five of the Saccharomyces species which van der Walt has placed in the genus Kluyveromyces (S. lactis is one such species). As can be seen, all the species except S. delphensis are indeed more closely related to S. lactis than to S. cerevisiae. Whether they share this close relatedness with the type species, K. africanus, is not yet known.
S. pastori and S. elongasporus have diverged widely from the rest of the group. This fact supports the earlier proposals (23, 29) to move these species into other genera. The data do not contradict the suggestion (Van der Walt, private communication) that S. balii and S. acidifaciens are identical species, since they show the same relatedness to the reference species.
The hybrid yeasts resulting from crosses of nonhomologous parents are interesting for several reasons. Crosses like the one producing hybrid 56 could provide an evolutionary mechanism for greatly increasing the informational content of a genome. Another hybrid, 100, produced by crossing the partially related S. fragilis and S. dobzhanskii (31) also contains both parental genomes ( and still continue an orderly and controlled existence.
In general, yeast taxonomists by using more traditional measures of relatedness have drawn conclusions about evolutionary relatedness which are supported by these homology studies. However, the degree of divergence within the group appears to be great. No comments about the relative degree of diversity within the genus Saccharomyces compared to other fungal genera can be made at this time. But one can say that the DNA diversity between species of yeast is greater than that observed between classes of vertebrates (12) and families of plants (1) . In this respect our results are contrary to those of Dutta et al. (8) , who found more DNA homology between members of different classes of fungi than we do between species in the same genus.
The difference between species of Saccharomyces (even after removing the species which have been placed in Kluyveromyces) approaches the diversity seen in bacterial genera. Evidently the limited morphological and physiological characteristics available to the yeast taxonomist have prevented him from splitting taxons as finely as has been done in the higher eucaryotic organisms.
